Introduction
Adrenal gland insufficiency -the clinical manifestation or deficient production of action of glucocorticoids, mineralocorticoids and sex hormones -is a life-threatening disorder that requires prompt clinical management. Insufficiency in adrenal gland steroid production may result from either primary adrenal failure including organ damage or secondary adrenal diseases due to impairment of the hypothalamic-pituitary axis [1] .
Symptoms of primary adrenal gland insufficiency as first described in 1855 by Thomas Addison are weakness, fatigue, anorexia, and abdominal pain, with orthostatic hypotension, salt craving, and characteristic hyperpigmentation of the skin. Although the prevalence of socalled Addison's disease (AD) in the general population is low, ranging from 60 up to 117 cases per million, the number of newly diagnosed cases increases annually. Because the full manifestation of the AD occurs when 90% of the adrenocortical cells are destroyed, the real number of affected individuals may be underestimated. The main cause of the primary adrenal gland failure, besides of genetic factors, is inflammation [2] .
Toll-like receptors (TLRs) are critical components of innate immune system. They play an essential role in host defense by eliciting rapid inflammatory reactions and or-chestrating adaptive innate response to microbial infection. When activated, e.g. during infections, TLRs induce pro-inflammatory cytokine and chemokine synthesis which mediate a rapid recruitment of the leukocytes into the infected tissues. In order to eliminate pathogens, leukocytes release toxic components of their granules including reactive oxygen species (ROS), nitrogen species or, e.g., proteinases. When the acute inflammatory response fails to eliminate the pathogen, or in the case of autoimmune reaction, the inflammatory process persists and results in collateral damage to the host tissues [3] .
This article describes the particular role that inflammation plays in adrenal gland insufficiency with a special focus on TLRs.
Adrenal Gland Insufficiency Related to Inflammation
Among many factors known to affect the adrenal gland such as hereditary disorders, drugs and certain diseases, inflammation plays a special role in the pathogenesis of the adrenal gland. In particular, patients with high risk of developing adrenal gland failure are those with multi-organ autoimmune diseases associated with polyendocrinopathy syndrome (APS) type 1 and type 2, persons with tuberculosis or AIDS-associated cytomegalovirus (CMV) infection and finally critically ill patients with septic shock [1] .
In developed countries, autoimmune AD is a main cause of primary adrenocortical failure, accounting for nearly 80% of the cases. Clinically, AD often occurs in association with other organ-specific autoimmune disorders such as Hashimoto's thyroid disease, Graves' disease or autoimmune gastritis that are known as APS type 1 and type 2. Although the genetic background and etiology of these syndromes are remarkably different, they both result in a similar autoimmune destruction of the adrenal cortex. The initiation of the pathogenesis of both syndromes is due to a mutation in one of two genes, namely AIRE (autoimmune regulator) for APS1 or CTLA4 (cytotoxic T lymphocyte-associated antigen 4) for APS2. The prevalence of autoreactive antibodies in AD patients is estimated as 50-90%. The latter antibodies react with P450 enzymes involved in steroid synthesis, 21-hydroxylase (P450c21), 17 ␣ -hydroxylase (P450c17) and cholesterol side chain-cleaving enzyme (P450scc). Because P450 enzymes are located within mitochondria, the question is whether auto-antibodies are the cause or the consequence of adrenal destruction. Although the mechanism of autoimmune AD is not clear yet, the strong association with an inflammatory process has been documented. Therefore, several components of the immune system, including T cells, autoantibody and complement, are involved in the pathogenesis of adrenocortical destruction. In early stages of the AD disease the adrenal glands may be enlarged with extensive lymphocytic infiltration. When disease progresses, the adrenal gland becomes atrophic and a strong mononuclear infiltration (mainly lymphocytes but also plasma cells and macrophages) is found [2] .
In developing countries and in the case of the immunocompromised patients, infections persist as a main cause of the primary adrenal gland dysfunction. Adrenalitis caused either by tuberculosis or CMV infection is often characterized by strong lymphocytic infiltration (mostly CD8 + T cells) as well as upregulation of many proinflammatory cytokines. Studies using modern diagnostic methods such as computer tomography (CT) revealed that during active tuberculosis, patients usually develop bilateral adrenal gland enlargement with or without calcification. Postmortem histological examination of infected adrenal slices reveals usually a tissue necrosis and mixed inflammatory infiltrate [4] . Considering that almost 2 billion people worldwide are infected with Mycobacterium tuberculosis , a pathogen causing tuberculosis, the chances that some of them will develop adrenal failure during various forms of immune deficiency are high. Similarly to tuberculosis, CMV-induced adrenalitis is also common in patients with AIDS and is usually characterized by focal necrosis and inflammation of the adrenal gland [5] .
Adrenal gland impairment is often found in critically ill patients with systemic inflammatory response syndrome and also as a consequence of septic shock. In these patients adrenal gland failure may either be characterized by inadequate glucocorticoid activity in relation to the severity of the patient's illness or manifests itself as a pathogen-induced adrenal hemorrhage. Since the first syndrome is often related to overt cytokine production and dysregulation of immunoadrenal cross talk, the second is frequently manifested as Waterhouse-Friderichsen syndrome and can be directly induced by pathogens. Symptoms of the Waterhouse-Friderichsen syndrome are sudden onset, short course, fever, cyanosis, patching of the skin and mucous membranes, collapse and coma as a result of bilateral adrenal hemorrhage. Despite being mostly associated with meningococcemia, adrenal hemorrhage may also occur after infection with other pathogens including staphylococci [6] .
Role of TLRs in Adrenal Gland Insufficiency and Damage
TLRs are type I transmembrane pattern recognition receptors which are known to regulate various aspects of innate immunity including an inflammatory reaction related to tissue damage or infections. In order to perform their functions, TLRs are located mainly at the cellular membrane but also in the intracellular compartments where they sense various conserved pathogen-associated molecules. The fine examples of TLRs ligands are Gramnegative bacterial endotoxins such as lipopolysaccharide (LPS) sensed by TLR4, or Gram-positive bacterial lipoproteins, e.g. lipoteichonic acid detected by TLR2. Due to their specific localization, TLRs present in the intracellular compartments recognize microbial patterns such as bacterial or viral DNA (TLR9) or RNA (TLR3 and TLR8). To date, 13 TLRs have been found in mammals and activation of all of them induces strong proinflammatory cytokine responses. Due to their ability to initiate an overt inflammation, TLRs are often associated with destruction of various tissues, e.g. during septic shock. Using TLR-deficient animals or TLR antagonists, a direct correlation between hyperactivation of certain TLR and pathogenesis of several diseases including a stroke, diabetes mellitus, obesity, cardiovascular diseases or autoimmune Hashimoto's disease has been found [3] .
TLRs may be involved in the pathogenesis of adrenal gland in many ways. First, during acute or chronic bacterial or viral infections, a strong systemic and local cytokine response is evoked via TLRs expressed in the immune cells, resulting in the alterations of an immunoadrenal cross talk. Furthermore, bacterial and viral infections have been documented to directly impair adrenal gland steroidogenesis, e.g. during adenoviral infection [7] . Moreover, a direct binding of LPS to the surface of adrenocortical cells has been shown by flow-cytometry and was associated with decreased basal and ACTH-induced cortisol production. Further experiments have demonstrated an increased production of ROS which may be the mechanism of the latter observation [8] . Recent data obtained in our laboratory suggest that the negative effect of LPS on adrenocortical cell steroidogenesis could be mediated via TLR4 expressed in steroid-producing cells. Furthermore, we have demonstrated that adrenocortical cells also express other members of the TLR family, which sensitize these cells to pathogenic action [9] . Moreover, we found that TLR2, TLR4 or TLR9 ligands when administered to mice induce a strong systemic and local inflammation of adrenal gland with upregulation of the major proinflammatory cytokines such as IL-1, IL-6 and TNF-␣ [10] . Besides the strong induction of cytokines [9] , TLR ligands have been found to directly cause adrenocortical cell apoptosis as well as promote adrenal gland hemorrhage in animal models [11] . The induction of adrenal inflammation is often paralleled with an upregulation of TLR expression, both in vivo and in vitro. A strong upregulation of TLR2 expression can be shown in the adrenal glands of septic patients that directly links adrenal gland damage with TLR overexpression ( fig. 1 ) .
Although not yet demonstrated in adrenal gland, overstimulation of TLR3 in thyroid gland results in the inflammation and initiation of an autoimmune thyroiditis [12] . Surprisingly, unlike in other organs in which deficiency of one of the TLRs was shown to prevent or limit organ damage during inflammation, e.g. in the brain, TLR2 and TLR4 deficiency in adrenal gland results in an impaired adrenal glucocorticoid stress response. Moreover, TLR deficiency results in an impairment of the ultrastructure of the adrenocortical cells indicating a novel role of TLR in the adrenal gland apart from the regulation of the immunoadrenal cross talk [10] .
Summarizing, inflammation resulted either from an autoimmune process or, being a part of antimicrobial defense, is associated with adrenal gland insufficiency. The hyperactivation of TLRs in both immune and adrenocortical cells is involved in the pathogenesis of the adrenal gland. Therefore, a development of new treatments and drugs which can antagonize TLR signaling is expected in the future. Results obtained from TLR-deficient mice, however, clearly suggest that a careful monitoring of adrenal gland function during such therapy is necessary.
